A wide variety of CNS lesions have been associated with changes in heart rate (HR). However, in epileptic patients their value to lateralize seizure onset remains controversial. This study aims to assess if HR changes associated with partial onset seizures could be useful in lateralizing seizure onset.
INTRODUCTION
The putative role of the cerebral hemispheres in modulating the autonomic cardiac balance is still poorly understood. Along with other higher cortical functions, hemispheric lateralization in cardiac autonomic control has been suggested based upon the observation of heart rate and/or blood pressure changes following brain lesions, but these changes do not directly reflect the intrinsic cardiac sympathovagal regulation 1 . Such differences may result from different left/right cerebral hemispheric influences upon the brainstem autonomic centers and can be evaluated by cerebral inactivation or stimulation 2 . Such changes have been reported following a wide variety of brain lesions including stroke, epilepsy, cerebral trauma, encephalitis and brain tumors.
In epileptic patients most of these disturbances, seen primarily in the form of tachycardia, could be drug related 3 and have been reported following both complex partial seizures (CPS) and simple partial seizures (SPS). Furthermore, the association between heart rate (HR) changes and sudden unexpected death in epileptic patients (SUDEP) has been suggested by case reports of patients with temporal lobe epilepsy and unexpected death [4] [5] [6] . Pathological cases, as well as animal models proposed to explain SUDEP, suggest that diffuse extratemporal and/or bilateral mesial temporal damage in epileptic patients could interfere with descending forebrain pathways that have influence on cardiovascular regulation, accounting for HR variability. Nevertheless, its semiological value to lateralize seizure onset remains controversial in epileptic patients.
It is well known that 25-30% of epileptic patients are not adequately controlled with medical therapy and these represent the group of refractory patients 7 . For some of these patients epilepsy surgery is considered, and a thorough work up is used in order to identify the epileptogenic zone. Clinical semiology is one of the parameters used for such lateralization, although the lateralizing value for some of the clinical manifestations remains controversial.
The objective of the present study was to evaluate if heart rate changes associated with partial onset seizures could be helpful in lateralizing ictal onset.
MATERIALS AND METHODS
We analysed HR changes on 100 consecutive CPS from 38 epileptic patients referred to our center for video-EEG monitoring. Most of these cases were admitted to our unit to define suitability for epilepsy surgery. All patients studied had no history or evidence of an active cardiovascular disease, diabetes, uremia or any other disorder that might affect the autonomic nervous system. In order to be included in the study, baseline heart rate had to be below 120 bpm, and patients had to be on no other medication than antiepileptic drugs (AEDs).
Scalp EEG was performed with electrodes applied following the 10-20 International System, plus two additional sphenoidal electrodes. Electrodes monitoring eye movements and chest electrodes for EKG leads were also used. One patient was also recorded with indwelling depth electrodes. All patients had a negative brain MRI ruling out the presence of a progressive lesion.
We measured the R-R interval for the 60 seconds that preceded the seizure onset and thereafter at 10, 20 and 120 seconds after ictal onset. Ictal onset was defined both clinically and electrographically. From the electrographical point of view we classified temporal onset seizures as mesial or neocortical, based on the patterns recently described by Pacia and Ebersole 8 . The first of these patterns, accepted as a 'mesial pattern', is characterized by a regular 5-9 Hz activity localized over subtemporal and/or anterior temporal areas. The second pattern, highly associated with 'neocortical temporal lobe onset', is characterized by low-voltage, high-frequency discharges in the beta and 'gamma' range with slow and irregular cortical rhythms following seizure onset. This activity can be focal or regional temporal. Semiological analyses included the presence and type of aura, type of automatisms, dystonic posturing and the presence of secondarily generalized tonic-clonic seizure. Only those seizures without motor manifestations at the onset were considered for analysis in order to rule out their influence upon heart rate.
A mean baseline HR was estimated (B-HR) and thereafter at 10, 20 and 120 seconds after seizure onset. Mean differences compared to B-HR were assessed with a non-parametric variable test (Wisconsin test). B-HR ± 2SD was used to define significance at a P level ≤ 0.05. This value was used to examine each particular seizure, assessing if it produced ictal HR changes. Finally, we attempted to correlate HR changes and left/right side differences, electrographical onset and the semiological components for each seizure.
RESULTS
We included 38 patients (18 male and 20 female, mean age: 27.6 years, range: 3-53 years). Eleven patients had a single seizure whereas 27 had multiple seizures during the recording. All patients had consistent HR changes from seizure to seizure. General physical and neurologic examinations were unremarkable except for eight out of 37. All patients were exposed to AED therapy with plasma levels within the therapeutic range. (See Table 1 for demographic information.)
Brain MRI detected morphologic alteration in 25 out of 37 cases. In 23 cases focal lesions were documented, including hippocampal sclerosis (n = 16), sequelae from previous surgery for cerebral neoplasm (n = 2) or trauma (n = 1) and gray matter heterotopy (n = 4).
We were able to lateralize seizure focus in 97 seizures, thus excluding the other three, for statistical analysis. The mean B-HR was 77 bpm, and the mean HR at 10, 20 and 120 seconds after seizure onset was 88.8, 95.1 and 93.5 bpm, respectively. The mean HR was significantly modified from baseline at 10 (P = 0.001), 20 (P = 0.003) and 120 (P = 0.002) seconds.
HR was raised in 32 seizures (32.9%), half of them within the first 10 seconds from seizure onset and the remaining within the first 20 seconds. We found no ictal bradycardia or interictal heart rate disorders in our patients. Analysis of HR at 120 seconds from ictal onset showed changes only in those cases with secondarily tonic-clonic activity.
HR changes in relation to hemispheric lateralization
Sixty-five percent of the seizures lateralized to the left hemisphere and the remaining to the right. Considering only those seizures with ictal HR changes, 10/32 (31.2%) were right-sided and 22/32 (68.8%) left-sided. These percentages were also seen for those seizures without HR changes. We found no statistical differences between both groups in relation to lateralization (Fig. 1 ). 
HR changes related to seizure focus
Seizure onset defined by ictal EEG findings was as follows: 41/97 seizures were extratemporal and 56/97 had temporal onset. In the latter group, 40/56 had electrographic patterns suggestive of mesial temporal onset, whereas the onset was defined as neocortical in the remaining 16. Considering the relationship between seizures with HR changes and seizure onset, we found that the majority of these seizures (25/32) had temporal onset. Looking for differences between mesial and neocortical origin, we found that the mesial group was responsible for changes in 23/25 (92%). The analysis of those seizures without HR changes showed that 34/65 (52.3%) had an extratemporal focus and 31/65 (47.7%) a temporal one, without a significant difference between mesial and neocortical onset.
In summary, the only difference statistically significant was the one that linked temporal lobe onset and HR changes (Fig. 2) .
HR changes related to semiological findings
We found that 17/32 (53.1%) seizures with HR changes had a clear aura, 28/32 (87.5%) automatisms and 19/32 (59.4%) dystonia. A similar analysis for those seizures without HR changes showed an aura in 23/65 (35.4%), automatisms in 29/65 (44.6%) and dystonia in 14/65 (21.5%) (Fig. 3) .
Finally, we found no association between HR changes and age, sex or pharmacological therapy administered.
DISCUSSION
One of the most striking findings in the present study is the significant percentage of partial onset seizures presenting with increased HR as an ictal manifestation. Moreover, these changes seem to have a more robust association with partial seizures arising from the temporal lobe, especially from mesial structures. However, our findings failed to support a positive correlation between cardiac changes and side of the ictal discharge suggesting that, although present in some cases, they have no predictive value to assess lateralization.
Although in the present study we observed no differences between left-sided onset with or without HR changes, we have to recognize that these figures might reflect a sample bias, given that 65% of the analysed seizures were left-sided in origin. Furthermore, our results showed that 78% of the seizures with ictal tachycardia were seen in patients with temporal lobe epilepsy, especially those with electrographic onset from mesial structures, which accounts for 92% of the events with temporal onset. This finding, along with the presence of automatisms and dystonia, semiological features mostly seen with mesial temporal lobe epilepsy, reached statistical significance.
Our findings agree with several other reports, in spite of the fact that different methods were used to evaluate the relationship between seizures and HR changes. Li et al. 4 observed tachycardia in 39% of their patients with CPS from temporal lobe epilepsy, but found no differences regarding lateralization. Similar conclusions were reported by Galimberti et al. 6 . Blumhardt and his group 9 have also seen sinus tachycardia in 92% of their patients with temporal lobe epilepsy, whereas Marshall et al. 10 observed a similar incidence rate in video-EEG evaluation of CPS. Contrary to the present study, the possibility to lateralize seizure onset has been proposed through both clinical and experimental studies. Fang et al. 11 found that the electrical stimulation of the right hypothalamus triggers a significant cardioacceleration in dogs, whereas the stimulation of the left hypothalamus resulted only in a moderate response. Asymmetrical autonomic innervation of the heart and lateralization of cardiac sympathetic outflow in the brainstem has also been recently suggested by Hachinski et al. 12 using a stroke animal model. They found that right hemispheric infarcts produced a greater increase in sympathetic nerve discharge, plasma norepinephrine, and duration of the QT interval of the EKG. In studies performed during an intracarotid amytal test, both Hachinskis 1 and Zamrini's 2 groups found an increased HR after the inactivation of the left hemisphere by an intracarotid injection of amobarbital, whereas a reduction in HR was seen after inactivation of the right hemisphere. This observation provides support for the hypothesis that the autonomic response might be disinhibited with lesions in the contralateral hemisphere 5 . Given that the major effects of an intracarotid amobarbital injection are in the distribution of the ipsilateral anterior and middle cerebral arteries, the changes in HR appear to be produced by a suprabulbar inactivation, so it does not represent a discrete focus, similar to what happens during a seizure. In addition, these reports were done with a small number of subjects, so that changes could be not statistically significant. Oppenheimer et al. 13 suggested a right-sided dominance for sympathetic effects in humans by stimulation of the insular cortex. However, simple observation of the HR or blood pressure level may not be an accurate method for assessing cardiac sympathovagal balance. In a recent report by Swartz and colleagues 14 based on patients undergoing electroconvulsive therapy (ECT), they showed a significant and more persistent HR elevation with right than with left side stimulation. This observation agrees with the predominantly right-sided mechanisms that mediate sympathetic cardioacceleration and with the theory that the cardioacceleratory sinoatrial heart node is innervated by a greater number of sympathetic fibers arising from the right side of the brain 14 . It is important to consider that these HR changes can result from a summation of effects. The seizures triggered by ECT are linked not only to ictal discharges that involve widespread cortical areas, but also to endocrine mechanisms, such as epinephrine liberation. This underlying pathophysiological process is rather different from the one seen with CPS, where seizures originate from a limited brain area.
Several reports in the literature emphasized the potential role for mesial temporal lobe structures, orbitofrontal cortex and its connections in the genesis of HR changes. Different tachycardia and bradycardia sites have been demonstrated by experimental studies in the left insular cortex and, in addition, data from insular cortex stimulation in those patients undergoing surgery for pharmacoresistant epilepsy suggest a rightsided dominance for sympathetic effect 6 . It is well known that the insula is part of the operculo-insulomesiotemporal-orbital complex and has widespread interconnections with subcortical areas implicated in autonomic control 15 . These autonomic suprabulbar influences are mediated by three major output pathways from the orbitofrontal cortex: (1) to the thalamus via the inferior thalamic peduncle; (2) to the temporal lobe and amygdaloid nuclei via the uncinate fasciculus; and (3) to the brainstem through the subthalamus and dorsal hypothalamus. Stimulation along the frontocortical-brainstem pathways increases sympathetic tone and may produce cardiac arrhythmias 2 . Animal models of epilepsy show that severe epileptiform activity can produce an important disruption of au-tonomic influences on blood pressure and heart rate, which can trigger ventricular fibrillation and death. Frysinger et al. 16, 17 have suggested that some combinations of selective cell and afferent fiber loss and possibly synaptic reorganization of remaining input exist in the human amygdala ipsilateral to a temporal lobe seizure onset. Such changes may result in a loss or alteration of normal forebrain influences on cardiac and respiratory control systems 16 and can potentially lead to unusual cardiac pattern 17 .
Interestingly, we found no bradycardia in the present series, which has rarely been described in the literature, in some cases with extreme reductions leading to asystole 18 . Bradycardia was observed mainly during partial seizures of temporal lobe origin, without relationship to any side. In recent series, Massetani et al. 5 found no bradycardia in their patients and Blumhardt et al. 9 only in less than 10% of their patients. Two earlier reports have suggested that only a minority of induced (Green and Woods 19 ) or spontaneous 9 seizures appear to be associated with a significant bradycardia 10 . In agreement with Blumhart et al. 10 and Massetani et al. 5 , who showed that the interictal incidence of high-risk cardiac arrhythmia in patients with epilepsy did not exceed that in the general population, we failed to show seizure-related disturbances in cardiac rhythm.
We concluded from our findings that, although tachycardia is most likely to be seen with temporal lobe epilepsy, it has no lateralizing value. However, further studies are needed to confirm the present results.
